Aims Previous studies provided evidence about left ventricular systolic and diastolic dysfunction in adults with Marfan syndrome (MFS). However, in the literature, data on right ventricular and bi-atrial diastolic function are limited. We aimed to investigate whether, in the absence of significant valvular disease, diastolic dysfunction is present not only in both ventricles but also in the atrial cavities. Methods and results Seventy-two adult unoperated MFS patients and 73 controls without significant differences in age, sex, and body surface area from the patient group were studied using two-dimensional, pulsed, and colour-Doppler and tissue-Doppler imaging (TDI). Biventricular early filling measurements were significantly decreased in MFS patients when compared with controls (P , 0.001). Pulsed TDI early filling measurements obtained from five mitral annular regions and over the lateral tricuspid valve corner were significantly reduced in the patient group (P , 0.001). Indices reflecting atrial function at the reservoir, conduit and contractile phases were also significantly decreased in MFS patients (P , 0.001). Conclusion This study demonstrated significant biventricular diastolic and biatrial systolic and diastolic dysfunction in MFS patients. Our findings suggest that MFS affects diastolic function independently. Diastolic abnormalities could be attributed to fibrillin-1 deficiency and dysregulation of transforming growth factor-b activity in the cardiac extracellular matrix.
Introduction
Marfan syndrome (MFS) is an autosomal dominantly inherited disorder of the connective tissue which chiefly affects the ocular, musculoskeletal, and cardiovascular systems. 1 This disorder is caused by mutations in the fibrillin-1 (FBN1) gene that encodes for the protein fibrillin-1. Fibrillin-1 is the major constituent of the extracellular microfibrils which act as a scaffolding for the formation and maintenance of elastic fibre. 2 In addition, Ramirez and Dietz have recently demonstrated that fibrillin-1 plays a vital role in regulating the bioactivity of transforming growth factor beta (TGF-b). 3 TGF-b is a protein which in the presence of fibrillin-1 deficiency induces transcriptional responses through activation of the intracellular signalling cascade resulting in phenotypic consequences in MFS. Studies have shown that in aortic root and ascending aorta excessive TGF-b activity reflects reduced content of fibrillin-1 resulting in increased wall thickness, fragmentation, and disarray of elastic fibres and subsequent increased collagen deposition. 4, 5 Although such changes have not been investigated yet in the human myocardium, absence of a sufficient quotient of fibrillin-1-rich microfibrils may result in mechanical dysfunction of the elastic tissue thus causing impaired myocardial contractility and relaxation.echocardiography and cardiovascular magnetic resonance (CMR). 6, 7 Previous studies also demonstrated left ventricular (LV) diastolic abnormalities in these patients. 6, 8 However, in the literature, data on right ventricular (RV) and bi-atrial diastolic function are limited.
This study aimed to investigate whether, in the absence of significant valvular disease, diastolic dysfunction is present not only in both ventricles but also in the atrial cavities. The pulmonary vein (PV) flow was also analysed to determine whether it adds any clinical value in the assessment of LV and atrial diastolic function.
Methods

Study population
From 2004, a total of 72 adult unoperated Caucasian patients (mean age of 32 + 12 years, 42 men) with no more than mild valvular regurgitation, as indicated by echocardiography, were recruited from the MFS clinics at St Georges, Brompton and Harefield hospitals in London, UK. All patients were diagnosed in accordance with the Ghent criteria by a team of three experts consisting of a geneticist and two cardiologists (A.H.C., M.J.M., and A.K.). 9 The control group consisted of 73 normal Caucasian volunteers who were enrolled from the personnel working at our institution. There were no significant differences in age or body weight between the two groups however the patients with MFS were taller than the controls as would be expected. No study subjects had a previous history of cardiac or any other disease that may have compromised their cardiac function. All participants were in sinus rhythm and demonstrated no abnormalities on a 12 lead surface ECG. A full clinical and echocardiographic examination was performed on each subject. No subjects had more than mild valvular disease. Twenty-two of the MFS patients were on b-blockade medication and continued their treatment throughout the study. Five patients, having been informed of the protective effects of b-blockade, refused treatment due to concerns over possible side effects. The remaining 45 patients in our population were referred to their physicians for appropriate treatment. The study was carried out with full ethical approval from the local Ethics Committee and all participants provided an informed, written consent.
Standard echocardiography
Two-dimensional, pulsed, and colour-Doppler and colour tissueDoppler images were recorded through optimal parasternal, apical, and sub-xiphoid views using the Vivid 7 Vingmed General Electric ultrasound scanner (GE Vingmed Ultrasound, Horten, Norway) equipped with a 4S probe. Three consecutive cardiac cycles were recorded for each parameter with breath held in expiration. An ECG was recorded simultaneously at a sweep speed of 100 mm/s. All measurements were performed off-line using an Echopac 6.1, GE workstation.
Diastolic function assessment Left ventricular diastolic function
Pulsed Doppler was used to record mitral and pulmonary venous inflow patterns. Parameters such as filling time, mitral valve E-and A-wave velocities, E-and A-wave deceleration time (DT), A-wave duration and isovolumic relaxation time were evaluated in accordance with the published guidelines. 10 Pulsed tissue-Doppler imaging (TDI) was also used to assess velocities recorded from the septal, anterolateral, inferior, anterior, and inferolateral regions of the mitral annulus (Figure 1) . 10 The ratio of transmitral E velocity to early diastolic mitral annular velocity E 0 was calculated to approximate LV filling pressure. The pulmonary venous inflow pattern was recorded from a four chamber apical view using pulsed Doppler with the sample volume positioned 1 cm within the PV. Systolic and diastolic velocities and atrial reversal velocity and duration were measured in accordance with the published guidelines. 11 Peak atrial reversal velocity and duration were used to calculate atrial reversal flow using the following equation: atrial reversal flow ¼ (p Â peak velocity Â duration/ 2)/2. The DT of the diastolic waveform component was also calculated from the Doppler trace by measuring the time interval from the peak diastolic velocity to the point where the extended slope reaches the zero velocity point as can be seen from Figure 2 .
Right ventricular diastolic function
Where possible, the tricuspid inflow pattern was recorded using pulsed Doppler and the early and passive filling wave velocities were measured as described in the guidelines. 10 TDI was utilized to measure the velocities from the lateral free wall region of the tricuspid annulus. 10 The E/E 0 ratio was also calculated.
Biatrial function assessment
Left and right atrial (LA and RA) function was assessed using twodimensional four-chamber apical images. The Simpson method was used to obtain the following volumetric measurements:
(i) pre-atrial contraction LA and RA volumes, (LAV preA and RAV preA ) measured at the beginning of P-wave on the ECG, (ii) minimal LA and RA volumes (LAV min and RAV min ) measured at the mitral and tricuspid valve closure, respectively, (iii) maximal LA and RA volumes (LAV max and RAV max ) measured just before the mitral and tricuspid valve opening.
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LA and RA volume tracings were started and ended at the level of the mitral and tricuspid annuli, and when carrying out the LA measurements care was taken to ensure that there was no inclusion of the PVs. All volumes were indexed to body surface area (BSA). To help in evaluating biatrial function, three indices were calculated from the above volume measurements: LA and RA area measurements were also performed from the four-chamber apical view in all subjects.
Systolic function
LV and RV systolic function was also assessed in accordance with the published AHA/ESC guidelines. 13 
Statistical analysis
Normally, distributed continuous variables were summarized as means + standard deviation (SD). Differences in continuous variables between patients with MFS and controls were investigated using independent sample t-test, adjusting for unequal variances when appropriate. Categorical variables were expressed as frequency distributions in absolute numbers and percentages. The statistical test in these cases was the x 2 test. For each set of E/E 0 ratios (E 0 obtained from the septal and the lateral mitral annular corners, respectively) the LV E/E 0 ratios were initially tested as dependent variables using univariate linear regression analyses to explore the significance of possible influencing factors. The factors tested against E/E 0 ratios were MFS diagnosis, age, 14 sex, 15 BSA, 16 heart rate (HR), 14 LV ejection fraction (EF), 17 LV size, b-blockade, mitral valve prolapse (MVP), and LA end-systolic volume. These analyses were then repeated keeping MFS diagnosis as a covariate in each model. Following the results from these initial tests, multiple regression analysis was performed using backward elimination on all the identified influencing factors, and always keeping MFS diagnosis as a covariate in the model.
The RV E/E
0 ratio (E 0 obtained from the lateral tricuspid annular region) was tested using the same methodology, employing linear regression analyses to identify the relevant influencing factors. The factors tested against the E/E 0 ratio were MFS diagnosis, age, sex, BSA, HR, b-blockade, tricuspid valve prolapse, RV size, tricuspid annular plane systolic excursion (TAPSE), and RA end-systolic volume. These analyses were then repeated, with MFS kept as a covariate in each model. Following this, as per LV E/E 0 ratios, multiple regression analysis was performed using backward elimination on all the identified influencing factors, and always keeping MFS diagnosis as a covariate in the model.
DT of the pulmonary venous diastolic component was tested using the same approach against MFS diagnosis, age, sex, BSA, HR, b-blockade, LV EF, and LA end-systolic volume.
The level of significance for all tests was 5%. The statistical analysis was performed using SPSS version 15.0.
Results
The baseline characteristics of the study population are presented in Table 1 . Patients with MFS were taller than the normal volunteers as it was expected. HR was lower in the patient group in comparison to controls. This could be attributed to b-blockade effect as patients on b-blockers had a HR lower than patients off b-blockers. There were no statistical differences in the other described variables between both groups.
General echocardiographic parameters
General echocardiographic parameters are shown in Table 2 . LV end-diastolic volume and LV end-systolic volume measurements indexed to BSA showed statistically significant differences between the study groups, whereas the LV end-diastolic diameter and LV end-systolic diameter values after adjusting for BSA demonstrated no differences. LV EF evaluated by Simpson's biplane method was significantly lower in patients with MFS, although it was within the normal limits. To investigate whether the reduction in LV EF in the patient group could be attributed to b-blockade therapy, a statistical analysis was performed which demonstrated that patients on b-blockers actually had higher EF values (P ¼ 0.01) ( Table 3) .
RV/LV ratio was significantly higher in the patient group indicating RV dilatation. Tricuspid annular systolic velocities assessed by TDI were significantly reduced in MFS patients when compared with normal volunteers. After adjusting for BSA, aortic root and pulmonary artery diameters remained significantly higher in the patient group.
Left ventricular echocardiographic diastolic parameters
Pulsed Doppler and TDI measurements obtained from the mitral/pulmonary inflow patterns and mitral annular displacement recordings are displayed in Table 4 . Early filling measurements were significantly decreased in patients with MFS when compared with normal controls and were consistent with abnormal relaxation. Atrial contraction assessment obtained from the mitral inflow pattern showed no differences between the study groups and this finding was echoed in the TDI measurements obtained from the septal, anterolateral, inferior and inferolateral mitral annular regions. With regards to PV inflow pattern, DT of the diastolic component and atrial reversal flow were significantly increased in patients with MFS. In the univariate linear regression analyses, both the lateral and septal E/E 0 ratios were affected by MFS diagnosis, age, sex, b-blockade, and MVP. In the second step, testing the significance of the same factors keeping MFS diagnosis in all models, the disease status was always significant (P , 0.001). LV EF, BSA, and LV size were additionally Results are represented as mean + SD. P-values are obtained from t-tests, adjusted for unequal variances if necessary. MFS, Marfan syndrome patients; BSA, body surface area; LVEDV/BSA, left ventricular end-diastolic volume indexed to BSA; LVESV/BSA, left ventricular end-systolic volume indexed to BSA; LVEDD/BSA, left ventricular end-diastolic diameter indexed to BSA; LVESD/BSA, left ventricular end-systolic diameter indexed to BSA; EF, ejection fraction; MVP, mitral valve prolapse; Basal RVEDD/BSA, right ventricular end-diastolic diameter measured in apical four-chamber view at base level indexed to BSA; Basal LVEDD/BSA, left ventricular end-diastolic diameter measured in apical four-chamber view at base level indexed to BSA; RV/LV ratio, right ventricular diameter to left ventricular diameter ratio measured in apical four-chamber view at base level; TDI, tissue-Doppler imaging; TVP, tricuspid valve prolapse; IVC/BSA, inferior vena cava diameter indexed to BSA. identified as significant influencing factors, whereas LA endsystolic volume was statistically indicative (P ¼ 0.089). The significance of the disease status was confirmed by the subsequent multiple regression analysis (results shown in Table 5 ) demonstrating a positive association with both the lateral and the septal E/E 0 ratios. Similarly, in the final models, age and BSA demonstrated a positive effect. b-Blockade, MVP, and LV EF were negatively associated with E/E 0 ratios although b-blockers only had a significant effect on septal E/E 0 ratio and MVP only on lateral E/E 0 ratio. In addition, it was apparent from the results that sex also plays a significant role on LV diastolic function.
Pulmonary vein inflow pattern
The disease status and HR were also found to be significant independent factors affecting the DT of the PV inflow diastolic component which could reflect LA and ventricular myocardial relaxation abnormalities.
Right ventricular echocardiographic diastolic parameters
Pulsed Doppler and TDI measurements obtained from the tricuspid inflow pattern and lateral tricuspid annular displacement recordings are described in Table 6 . Early filling measurements were significantly reduced in patients with MFS when compared with normal controls suggesting abnormal relaxation. Atrial contraction measurements from the tricuspid inflow pattern showed no differences between the study groups, whereas those taken from the TDI were significantly decreased in MFS patients. Mean PA diastolic pressure values showed no differences between the two groups. Multiple regression analysis demonstrated that MFS diagnosis was strongly associated with reduced diastolic function (positive association with E/E 0 ratio). Age was also positively associated with E/E 0 ratio, whereas HR and TAPSE (as an indicator of RV systolic function) showed a negative association. As with the LV, female gender was shown to be associated with reduced diastolic function.
Atrial echocardiographic parameters
LA and RA echocardiographic volumetric measurements and derived indices are presented in Table 7 . Atrial volumes measured at the beginning of the P-wave from a surface ECG showed no differences between the study groups which is consistent with the atrial contraction measurements obtained from the MV/TV Doppler inflow patterns. Indices reflecting the atrial function at the reservoir, conduit, and contractile phases were significantly reduced in the patient group when compared with the normal volunteers.
Discussion
This study revealed significant differences in diastolic function in both ventricles and atria in adult unoperated patients with MFS. Our investigation confirms findings reported in the previous studies of LV diastolic function 6, 8 but is the first to systematically assess and demonstrate RV and atrial diastolic dysfunction in a fairly large series of MFS patients. Biventricular systolic impairment was also observed in our patients and its possible impact on diastolic function was taken into account.
Left ventricular diastolic function
The observed diastolic abnormalities could not be attributed to valvular or ischaemic heart disease as no subject had more than mild valvular regurgitation or any history of cardiac pain and/or ischaemic ECG changes. The significant differences in LV diastolic function could be explained by a number of other factors such as age, sex, BSA, HR, b-blockade, MVP, LV size, and systolic function. Diastolic dysfunction could also be explained by reduced LA end-systolic volume leading to reduced atrial pressure and hence the lower peak velocities observed in the early phase of the diastolic filling pattern. Factors such as HR and LA end-systolic volume showed no effect on LV diastolic function. MVP was demonstrated to have no significant impact on E/E 0 ratio with E 0 obtained from the septal mitral annular corner, but did affect the ratio when E 0 was recorded from the lateral region. This difference can probably be explained from the fact that the majority of patients demonstrating MVP had only posterior mitral valve leaflet involvement.
Yip et al. 17 reported that early diastolic function is tightly coupled to the previous systole even in individuals with normal EF. They suggested that isolated diastolic dysfunction as shown in MV inflow Doppler patterns in the presence of normal LV systolic function is a very uncommon finding. In our study, the diastolic dysfunction could be partially explained by the mild primary systolic myocardial impairment observed in the patient group.
Evaluation of diastolic function must always take into account changes with ageing. Data obtained from our series of patients are in line with the previous studies on the effect of age on diastolic function.
14 Race and gender are other important determinants to be considered in the assessment of diastolic function. 15 The prevalence of diastolic heart failure is higher and the prognosis worse in men compared with women and in African-American patients compared with White patients. Race could not play a role in detecting differences in our study, as we examined only Caucasian individuals. Sex, however, had a significant impact on diastolic function with females shown to be more prone. Other significant identified factors were BSA and b-blockade. Maceira et al. 16 reported that increasing BSA had a positive effect on early peak filling rate in their CMR study. The slight b-blockade effect could be explained by reduced HR or impaired LV systolic function in our series Results are represented as mean + SD. P-values are obtained from t-tests, adjusted for unequal variances if necessary. RV, right ventricle; MFS, Marfan syndrome patients; E, early right ventricular filling velocity; A, atrial right ventricular filling velocity; DT of the E-wave, early right ventricular filling deceleration time; E 0 , peak early diastolic annular myocardial velocity; A 0 , peak atrial diastolic myocardial velocity; PA, pulmonary artery.
of patients. Our analysis showed no HR effect on the early LV filling phase. With regards to b-blockade, the subgroup of patients on medication demonstrated higher EF values than patients off treatment. This could be attributed to the lower HR in the b-blockade subgroup improving EF through the Frank Starling mechanism. The true effect of b-blockade on LV function cannot be fully evaluated from this study due to the relatively small number of patients on b-blockers. Despite the aforementioned possible confounding factors that have been shown to have an impact on diastolic function our results strongly supported the involvement of the disease status with diastolic dysfunction.
Right ventricular diastolic function
In patients with interpretable Doppler inflow recordings, the filling pattern was indicative of impaired diastolic function. As with LV diastolic function, early peak velocities of the diastolic phase were significantly reduced in MFS patients. This observed difference in the inflow patterns was supported by the TDI data that were available for all study subjects. The revealed differences could not be caused by valvular disease as none of the study subjects had more than mild valvular disease. Coronary heart disease could not also be considered as a determinant due to the absence of a relevant history and/or ischaemic ECG ST-segment abnormalities.
As with the LV, our analysis demonstrated that age and gender constitute important factors affecting the RV diastolic function. Our data corroborate findings by Maceira et al. 16 and Kukulski et al. 18 using CMR and Doppler myocardial imaging, respectively. Systolic function is recognized to have a significant impact on LV diastolic function. Systolic tricuspid annular displacement measurements which are extremely well correlated to RV EF were shown to have a significant impact on RV diastolic function. 19, 20 HR was also shown to have a significant effect. Nevertheless, diagnosis of MFS was still shown to have a significant, detrimental effect on RV diastolic function.
Atrial function
Both atria play an important role in the overall performance of the cardiovascular system. The significance of the observed differences in the pulmonary venous inflow pattern sheds new light on LV myocardial relaxation and LA function. The difference in DT of the diastolic component of this pattern suggests impaired LV and/or impaired atrial relaxation. Among multiple possible confounders, only HR and diagnosis of MFS were found to be significant. The increased atrial reversal flow in the patient group although within the normal limits could reflect LA compensation for the reduced early filling. However, the absence of differences in the A-wave of the mitral inflow pattern between the two groups could represent a non-sufficient compensation. Increased atrial reversal flow in our patients could not be explained by a short atrio-ventricular delay as none of the patients had a PR interval ,120 ms.
In clinical practice, two-dimensional echocardiography plays a key role in the evaluation of LA and RA volumes. In our study, the measurement of atrial volume by the Simpson method demonstrated reduced contractile, reservoir, and conduit function for both atria. After adjusting for various parameters which could influence the atrial function, the disease status was found to have a significant association with impairment in the function of both atria.
Suggested underlying Marfan syndrome pathogenetic mechanisms
Our results indicate a clear link between MFS and myocardial dysfunction. Studies in fibrillin-1-deficient mice have immensely improved our understanding about the structure and assembly of fibrillin-1 microfibrils and its role in TGF-b regulation in the cardiovascular system. 3 Fibrilin-1 microfibrils constitute an essential component of the extracellular matrix and play a vital role in the function and maintenance of the elastic fibres in the myocardial tissue. Experimental studies on the MFS mouse model showed fragmentation of the elastic fibres and increased collagen deposition attributed to fibrillin-1 deficiency and associated excessive TGF-b bioactivity. 4 Diastolic abnormalities could be caused by similar mechanisms resulting in loss of elastic tissue integrity and impaired elastic recoil in the human myocardium. However, histological evidence supporting the proposed underlying pathogenetic pathways in humans is still lacking and needs to be investigated in depth.
Limitations
Although it was stated that functional abnormalities could not be attributed to the presence of ischaemic heart disease, this cannot be ruled out as a factor as none of the patients underwent an angiogram since there was no indication to warrant one. Likewise, although none of the study subjects had any history or symptoms of diabetes, chronic obstructive pulmonary disease, atherosclerosis and Graves' disease, laboratory tests for the listed conditions were not performed and hence these entities cannot be totally ruled out as other underlying factors affecting myocardial function.
For all patients with MFS, the diagnosis was established on the basis of the Ghent criteria. There is an ongoing project to confirm this diagnosis with a full genotypic analysis. A genotype/phenotype correlation will be commented on as the subject of a future scientific work.
RV inflow pattern could not always be recorded to a standard sufficient for appropriate analysis. Hence, relevant data could not be provided for all participants. However, TDI data from the lateral region of the tricuspid annulus could be acquired for all participants.
As explained in our methodology, 31% of the study patients were on b-blockade therapy. In splitting the patient series into two groups, one on and one off b-blockers, statistical analysis showed no differences in the measured echocardiographic parameters except for EF which was found to be slightly higher in patients on treatment. As discussed earlier, this could be due to lower HR and the overall EF for the patient group was still significantly lower than in controls. Multiple regression analysis did demonstrate that b-blockade had an effect on the E/E 0 ratio when E 0 was measured from the septal region of the mitral annulus. However, a possible effect of b-blockade on the other recorded parameters cannot be fully excluded due to the relatively small number of patients on b-blockers.
Conclusions
Our study revealed significant biventricular diastolic and biatrial systolic and diastolic dysfunction in a fairly large series of adult, unoperated patients with MFS in the absence of valvular disease. This is in addition to the biventricular systolic dysfunction, reported in the previous articles. Although the effect of age, gender, and systolic impairment on diastolic function cannot be ruled out as contributing factors, our findings suggest that MFS affects diastolic function independently. Pulmonary venous Doppler inflow pattern recordings can provide useful insights into LA/LV function. With regards to the underlying pathogenetic mechanisms, further investigation is needed to determine whether the observed abnormalities are caused by fibrillin-1 deficiency and TGF-b dysregulation.
